Temporal genetic variation in a continuously breeding population of monarch butterflies, Danaus plexippus, was assessed by sampling two milkweed patch sites for about 2 years. Variation was determined at four loci; Pgm, Pg4 Idh and Hbdh. Large changes in heterozygote and allele frequencies where observed between sample dates and between dates grouped into three 'seasons' (early summer, late summer, and winter). Both sites showed similar changes, but the question of 'seasonality' will require a longer period of study.
Introduction
Most studies of genetic variation concentrate on genetic differences on a spatial (e.g. Stearns & Sage, 1980; Smith et al., 1983a; Hughes & Zalucki, 1984; McClenaghan et a!., 1985) or on a temporal scale (e.g. Yardley et a!., 1974; Mitton & Koehn, 1975; Nyman, 1975; Nevo et al., 1977; Smith et a!., 1983b) , usually in response to directional selection following man-made changes in the environment.
There have been relatively few studies that have addressed the question of seasonal changes in gene frequency. Temporal changes in the genetic characteristics of various fish (Johnson, 1971 (Johnson, , 1977 Koehn et al., 1971) , Drosophila (Berger, 1971; Dobzhansky & Ayala, 1973; Steiner, 1979; Carvener & Clegg, 1981) and Colias butterflies (Watt, 1977 (Watt, , 1983 Watt et al., 1983) have been associated with seasonal or annual changes in temperature; although in some cases no regular seasonal variation was found (Carvener & Clegg, 1981) . Temporal changes, between seasons in small mammal populations (e.g. Semenoff & Robertson, 1968; Gaines et a!., 1978) have been related to changes in age structure (Charlesworth, 1980) . In birds, temporal changes have rarely been detected (Redfield et a!., 1972; Evans, 1987) perhaps reflecting, in part, the relatively long generation time in birds, although spatial variation is not uncommon (e.g. Redfield, 1973 Redfield, . 1974 Evans. 1987L 205 We have previously studied spatial and temporal variation in gene frequency in a population of Danaus plexippus L. (monarchs) in south-east Queensland, Australia (Hughes & Zalucki, 1984; Zalucki et a!., 1987; Carter et a!., 1989) . In this part of its range, the monarch breeds all year round (Zalucki, 1986) . Our studies indicate that spatial samples taken at different times of the day (Hughes & Zalucki, 1984) , and on days with different conditions (Zalucki et a!., 1987) , reflect in part the varying propensities and abilities of different individuals to fly under such conditions (Hughes et al., 1992) . Sampling at one site at different times of the day, we find significantly more heterozygotes at the Pgm and Pgi loci in samples taken early in the day (Carter etal., 1989 ).
Here we report on changes in allele and heterozygote frequency over 2 years at two regularly monitored sites. From our earlier studies we expected changes in heterozygotes frequency and frequency of some alleles with season.
Materials and methods

Study sites
Two sites were 'regularly sampled for almost 2 years.
Both sites were in similar locations: rolling hills, (27° 32'S, 152°4 9'E) contained a large area of milkweed and consequently a large monarch population. The other site was -8 km to the east in the outer Brisbane suburb of Brookfield (27° 3 1'S, 152° 55'E). The sites will be referred to as MC and BF, respectively. Meteorological conditions (Fig. 1) December 1986 for MC. Both sites could not be sampled sequentially on the same day as earlier work indicated this would result in samples from different subpopulations. Every effort was made to sample on days with similar weather conditions (as far as this is possible in different seasons), and at a time of day when all the butterflies could have flown, i.e. air temperatures were above their flight threshold (-15°C) or they had been exposed to sufficient solar radiation to raise their thoracic temperature so as to be capable of flight. Thus during the summer, sampling was generally from 08.00 to 09.00 hours and in winter from 09.30 to 10.30 hours (see Fig. 5 , below). Butterflies were handnetted, stored in envelopes in a cool place and brought back to the laboratory for electrophoresis. Each site was systematically traversed by two or three samplers for 2 2 person-hours of netting effort. Unlike our previous studies examining the effects of time of day, when only active individuals were sampled, an attempt was made to catch any butterfly (whether it was active or inactive when seen) so as to avoid bias, and any variation in sampling effort was recorded.
Electrophoresis
All butterflies for electrophoresis were kept alive prior to processing, usually within 24-48 h of collection. Each butterfly was sexed and the abdomen and thorax were removed and homogenized separately in 0. heterozygote frequencies were done with each sample date included. To assess seasonal changes in allele frequencies using log-linear models (Feinberg, 1980) , samples were grouped into periods of similar climatic conditions of early summer, late summer and winter, to give three seasons (in two cycles, Fig. 2 ) mainly to ensure sufficient numbers for analysis. The effect of the following factors (levels): place (MC, BF), year (1,2), time (1 = early summer, 2 =late summer, 3 = winter), sex (1,2) on allele frequency was determined. Firstly the best fit model to describe the data was selected by combining factors and interactions until no further improvement in fit was obtained (P> 0.05). By hierarchically fitting models the effect of each significant interaction could be assessed. Only those interactions involving allele or heterozygote with time or year will be presented here.
Results
Changes in population parameters and 'seasona/ity' During the course of the study the monarch population turned over 18 times. This figure is based on the total day degrees elapsed from the start to the end of the project divided by the generation time (egg to newly emerged adult for monarchs 350DD; .
Conditions within any one 'season' are reasonably uniform for each site as were conditions on the day of sampling within a period. Winters (May-September) were cool and dry ( show similar changes in abundance (r= 0.802, n=6, P <0.001) over the study period. Numbers generally increased to a peak in early summer, declining in late summer and into winter before picking up again.
Numbers were generally higher at MC (Fig. 2) , (which was also the larger in terms of area of milkweed). The sex ratio of sampled populations also showed similar changes in both sites (r=0.911, P<0.001, n=6; Fig.   2 ). The populations were male biased in early and late summer (-60 per cent male) and declined to a 50:50 sex ratio in winter (Fig. 2) .
Temporal changes in heterozygotes and allele frequency Collection dates for each site, average sample size and the proportion of heterozygotes at each of the four polymorphic loci assayed (Idh, Pgm, Pgi, Hbdh) are summarized in Fig. 3 . Only nine out of a total of 164 of the samples did not agree with HardyWeinberg, which does not differ from the expected number of significant departures due simply to chance, if a 95 per cent significance level is used. The number of animals scored for each locus was generally high, with a total of 1360 animals taken at MC and 750 at BF over 20 and 21 sampling occasions, respectively. (Average sample size for MC=68, range 20-283; for BF=36, 11-71.) The large sample size at MC on 5.12.86 represented a larger catching effort as part of a mark-recapture study (Hughes et at., 1992) . In general sample sizes were larger at MC (see above) and greater confidence can be placed in heterozygote and allele frequencies for this site (see below).
Although there was much variation, in some cases from one sample date to another, there also appear to be some cyclic trends in heterozygote frequencies ( Fig.   3a and b) . A log-linear analysis of heterozygote frequency indicated significant interactions with time of year (=season) for Pgm at both sites ( Fig. 3a and b) and Hbdh at BF only (Fig. 3b, Table 1 ), and year for Pgi (Table 1 ). There was a significant four-way interaction for Idh and we leave its unravelling to the analysis of allele frequencies (below).
Log-linear analysis of allele frequencies (Table 2) indicated varying patterns with different loci. For Pgi only two-way interactions between allele with time of year, and allele with year were significant, indicating overall differences between year and time of year, and that these were the same at both sites (Fig. 4a) . For Pgm the significant three-way interaction (Table 2 ) was due to differences between times in the first year but not the second, and differences between years in the first (Fig. 4b) . For Hbdh there were two significant three-way interactions (Table 2) , due to a difference between times of year in year 2 at MC only (Fig. 4c) . Idh is complex, with a significant four-way interaction between allele, site, year and time of year (Fig. 4d) . At each site there was a significant three-way interaction between allele, year and time of year. For MC there were differences between times of year in the second year, and differences between years for the first two seasons (early and late summer). For BF there were differences between time of year in the first year, and differences within early summer and winter between years (Table 2) .
On balance the analysis of heterozygote and allelic frequencies shows significant temporal variation, some of which may be related to season and presumably climate.
Relating genetic changes to climate variables is not straightforward. It is not clear which measures of 'climate' are relevant to an animal and most climatic variables are also correlated. Here we use degree-days (DD), which is a measure of physiological time available for monarchs . This physiological measure of time is related to the amount of heat input that accumulates above a lower threshold (11.5°C) during some specified time between sampling periods, based on the daily maximum and minimum temperatures. Not unexpectedly, DD was correlated with average inter-sample maxima and minima (e.g. For MC maximum temperature vs DD, r 0.983; minimum temperature vs DD, r=0.945). Our approach may mask the effects of periods of extreme maximum and minimum temperatures. Significant correlations of heterozygote aid allele frequencies with DD are shown in Table 3 .
The correlation coefficients did not differ between sites, except for the slow allele at the Pgm locus and allele frequencies for Hbdh (Table 3a) . Significant positive association with DD occurred for heterozygotes of Pgi and the slow allele of Pgi at MC (Table 3a) . There was a negative association for heterozygotes for Pgm at BF, and the fast and slow alleles at Pgm at MC (Table  3a) . A negative association for heterozygotes of Hbdh at MC and the fast allele at MC is also indicated (Table   3a) . As no correlation differed significantly between sites this suggests that there is a relationship between temperature and heterozygote and/or allele frequencies for the Pgi, Pgm and Hbdh loci (Table 3a) . 
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Combining data for both sites (Table 3b) , the negative association for heterozygotes at the Pgm locus remain, as does the positive association for the slow allele at Pgi but not for the heterozygote frequency for Hbdh (Table 3b) . Some caution has to be used in interpreting the combined data, as the low sample size at the BF site on most sampling occasions means less precision can be attributed to frequency estimates at this site.
Discussion
The pattern of variation of population size and sex ratio over 2 years was similar to that recorded by Zalucki & Kitchin (1984) : high populations in late winter and early summer declining in late summer; and male-biased sex-ratios for most of the year but becoming female biased or 50:50 in late summer. The male-biased sex ratios around patches can be accounted for (in part) by patches of host plants acting predominantly as mating sites (Robinson, 1988; . The seasonal changes in abundance can, in part, be accounted for by seasonal parasitism levels (Zalucki, 1981) . Parasitism rates of larvae by tachinids are low throughout winter and increase to very high levels ( -100 per cent) by the end of summer. Zalucki & Kitching (1982) could not find any season- Table 2 Log-linear analysis showing all significant interactions of allele frequency (A) with time (T = season), year (Y), and place (P= sampling sites) and G-statistic (degrees of freedom) and level of significance shown for significant interactions only (see Table 1 suggested that temperatures consistently above 31°C may be inimical to population survival based on studies of immature and adult abundance in Florida (U.S.A.). This agreed with the findings of Rawlins & Lederhouse (1981) and that high temperatures (31-35°C) and 30°C (constant, laboratory) are inimical to larval survival. This may further account for the decline in adult monarch population size in late summer when maximum temperatures may exceed 3 1°C. In the current study maximum temperatures exceeded 31°C for 3-5 day periods. If high temperatures differentially affect males then this could also account for the decline in sex ratios around patches at this time of the year. Are there seasonal changes in the genetic structure of monarch populations? The diurnal pattern of temperature variation over the seasons in Brisbane is shown in Fig. 5 . Taking 15°C as the flight threshold temperature for monarchs (Masters et at., 1988) and 31°C as an upper threshold for activity then the time available for oviposition, mating, feeding etc., by monarchs would be constrained in winter and summer, but more so in winter. If animals with certain genotypes are able to become active at lower temperatures then these would be favoured in winter. In summer temperatures become warm rapidly, flight threshold is exceeded early, and no genotype would be greatly disadvantaged in terms of activity time (see also Hughes etal. (1992) . From an earlier study (Carter et at., 1989) we found that heterozygotes were more active early in the day. This may mean that in winter heterozygotes would have more time available for mating and oviposition than homozygotes. However, this would not necessarily result in increased numbers of heterozygotes in succeeding generations because segregation would produce offspring with both homozygous and heterozygous genotypes. If, however, the heterozygotes had some other advantage, such as higher survival rates in low temperatures as larvae or adults, then heterozygote frequencies would be expected to increase within each generation in winter. At a number of loci, there do appear to be more heterozygotes in winter (Idh, Pgi, Pgm, Fig. 3 , although significantly so for Pgm and Id/i only, Table 1 . A significant negative relationship with temperature was observed for Pgm only, Table 3a , b. Interestingly, those are the same loci where significant differences in heterozygote frequency were identified with time of day (Carter etal., 1989) .
In our previous studies we detected differences in heterozygote frequencies depending on the time of day a sample was taken (Carter et al., 1989 The lack of a major effect of site in our log-linear analysis of heterozygote and allelic frequencies suggests either that populations are responding similarly to environmental changes or, alternatively, that butterflies at the two sites are simply subsets of a larger total population. A similar study examining temporal variation in Musca domestica found negligible correlation between sites and the researchers concluded that in their study the variation between sites was determined by small-scale habitat variability 1000 Time of day (Black & Krafsur, 1986) . Similarly, Wall et al. (1980) interpreted change in frequencies of banded snails at 15 sites as an effect of similar changes in selection pressures at all sites. In the present study it is not easy to differentiate between the two possibilities, as monarchs are capable of moving quite large distances (Zalucki, 1986 ) and thus we could be examining two samples of a single population. An analysis of alleles by season indicates significant variation over time and possible seasonal patterns.
Other studies have reported possible seasonal changes in gene frequencies in Drosophila (e.g. Berger, 1971; Dobzhansky & Ayala, 1973; Steiner, 1979) , while other more extensive studies reported no evidence of seasonal variation (Cavener & Clegg, 1981) . Watt and co-workers (Watt, 1977; Watt et a!., 1983) found seasonal gene frequency changes in Colias butterflies which could be related to temperature and enzyme efficiency. Determining the seasonality of a phenomenon, based on 2 years' data, can never be conclusive or tested quantitatively (e.g. by time-series analysis), and in fact none of the papers above which deal with seasonality have more than 2 years' data!
To be able to understand the variation observed here, and in earlier papers, it is important to determine whether or not adult or larval susceptibility to extremes of temperature differs among genotypes. In addition, if individuals fly early because of their genotype, then particular individuals caught early on a given day should be more likely than those initially caught at a later time to be caught early on subsequent days. These factors are currently being examined.
